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< CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND 

Polymer matrix composite materials are being increasingly considered for use in 
environments that challenge their durability. Such applications include turbine engine 
structures and high speed aircraft s kins . In these environments the materials are exposed to 
high temperature and to oxygen, both of which contribute to the degradation of the polymer 
matrix. 

Significant progress has been made in the understanding of the aging effects on the 
thermo-oxidative stability of polymer matrix composites [1,2,3]. Much of this work has 
focused on PMR-15 resin as a representative material. Thermo-oxidative aging produces a 
non-uniform degradation state in PMR-15 resin. While thermal degradation occurs throughout 
the material, oxidative degradation occurs only where oxygen diffuses into the material. This 
produces an oxidized surface layer that has different properties from the unoxidized inner 
material. Current models of coupled diffusion-reaction mechanisms [4,5,6] attempt to capture 
the behavior of this chemical degradation. However, there is a need for data on material 
properties of degraded material(s), in order to link the diffusion-reaction models of chemical 
degradation to thermo-mechanical models [7]. 

Air aged material specimens have an oxidized surface layer and an unoxidized inner 
material which have different material properties. Tests performed on such specimens as if 
they were homogeneous produce results that are difficult to interpret and may have little 
meaning. Tests must be carefully designed to separate the properties of the surface layer from 
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the properties of the inner material. 


1.2 PROBLEM 

The problem addressed here is to separate the properties of the oxidized surface layer 
from the properties of the unoxidized inner material, in PMR-15 resin specimens aged in air 
for various times at 316°C. Specifically, the thickness of the oxidized surface layer and the 

modulus, CTE, and shrinkage of both surface and inner material are determined as functions of 
aging duration. 

1.3 ASSUMPTIONS 

This experiment rests on a few basic assumptions. First is that the surface layer has 
uniform properties throughout the layer. This assumption is supported by the work of 
Cu nnin g h a m , who showed both experimentally and with models that the surface degradation 
occurs on a sharp front, with little apparent gradient in degradation level within the surface 
layer [8]. The second assumption is that unoxidized material is also uniform, since unoxidized 
material is degraded thermally and the temperature is constant throughout the spec ime n during 
aging. Third, it is assumed that the nitrogen-aged specimens and the apparently unoxidized 
core material in the air aged specimens have the same properties. Fourth is the assumption that 
the moduli of the surface and interior layers have the same temperature dependence. This 
assumption is as yet unsupported, but effects only the surface layer CTE calculations in this 
work. Lastly, it is assumed that viscoelastic relaxation is negligible. Relaxation would tend to 
make measurements of shrinkage underestimates of actual shrinkage. 
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1.4 APPROACH 


The approach to this problem is primarily experimental. The main challenge of this 
project, and the problem that drove the experimental design, is how to determine the shrinkage 
and CTE of the oxidized surface layer. The shrinkage is small, and the changes are slight. 
Typical measurements of length are confounded with the effects of surface erosion on the ends, 
and the stress and strain interactions of the surface layer and the unoxidized inner material. In 
order to determine the surface layer shrinkage and the surface layer CTE, a new test based on 
a bimaterial strip model was designed and used. 

The new test involved the manufacturing of specimens that resembled a bimaterial strip, 
with the oxidized surface material on one side, and unoxidized inner material on the other side. 
These specimens were manufactured simply by slicing a piece of an aged specimen lengthwise 
through the thickness. When one side contracts or expands relative to the other, the specimen 
curves. By utilizing a bimaterial strip model, the amount of curvature and the change in 
curvature with temperature can be used to determine the surface layer sh rinka ge and the CTE. 
An illustration of the curvature specimen is shown in Figure 1. 

In order to calculate the surface layer shrinkage and CTE from the curvature and 
change in curvature with temperature, several other properties must be known. These include 
surface layer thickness, modulus of both the oxidized surface layer and unoxidized material, 
shrinkage of unoxidized aged material, and CTE of unoxidized aged material. These 
properties are determined from other tests. 

Surface layer thickness is measured simply by polishing a cross section of a specimen 
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and measuring the surface layer. The modulus of unoxidized aged material is determined by 
standard four-point bend test, which is illustrated in Figure 2. The modulus of the oxidized 
surface layer is derived using basic beam theory from a bend test of an air aged specimen, as 
surface layer thickness and the modulus of the unoxidized material are known. Figure 2 also 
illustrates the bend test of an air-aged specimen. Shrinkage of unoxidized aged material is 
measured simply by measuring the length of a specimen both before and after aging. The CTE 
of unoxidized aged material is determined from a typical test using thermo-mechanical 
analysis, illustrated in Figure 3. 
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Measurements: 


♦ Temperature 

♦ Height of arc h 
and 

♦ Span of arc s 

or 

♦ Temperature 

♦ Coordinates of 
three points on 
arc 


Figure 1 Curve test schematic 
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Unoxidized material 
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Measurements: 

♦ Load 

♦ Displacement 


Oxidized material 



Measurements: 

♦ Load 

♦ Displacement 


Required inputs: 

♦ Thickness of 
surface layer 

♦ Thickness of 
specimen 

♦ Modulus of 
unoxidized 
material 


Gives: 

Modulus of oxidized 
material 


Required inputs: 
♦ Thickness 


Gives: 

Modulus of 
unoxidized material 


Figure 2 Four-point bend test schematics 
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Figure 3 CTE test schematic 
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CHAPTER 2: EXPERIMENTAL PROCEDURE 


2.1 OVERVIEW 

Specimens were cut from plaques of PMR-15 resin. Each specimen was then measured 
to determine initial dimensions. After initial measurements were completed, the specimens 
were aged in an oven at 316°C. Half of the specimens were aged in air in the oven, and half 
were aged in nitrogen in a nitrogen chamber placed inside the oven. Once specimens were 
removed from the aging ovens, their dimensions were remeasured. They were then tested to 
determine modulus by using four point bend tests. After bend testing, the specimens were cut 
again into smaller specimens for bimaterial strip curve tests, thermo-mechanical analysis 
(TMA), and for measuring surface layer thickness. Typically five specimens were used per 
test. 

2.2 SPECIMEN PREPARATION 

These experiments used 152.4 mm by 152.4 mm PMR-15 neat resin plaques from the 
same batch as the resin plaques used by Kamvouris and Roberts [9], so that comparisons could 
be made. The plaques were made from HyComp 100, a PMR-15 powder supplied by 
HyComp, Inc. The powder was compression molded using an automated heated press with 
vacuum. Both temperature and pressure were ramped gradually, to a 2-hour hold at 316°C 
and 9.3 MPa. Plots of the programmed cure cycle are shown in Figure 4 and Figure 5. 
Pressure was released after the 2-hour hold and the resin plaques cooled in the mold until the 
mold was cool enough to handle with insulated gloves. The resin plaques were then removed 
from the mold before they cooled completely, in order to prevent cracking. The material was 
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Figure 4 Cure Cycle, Temperature vs. Time 
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Pressure (MPa) 





not given a separate post cure before aging. 


Specimens were cut from the plaques using a water-cooled micro-machining diamond 
saw, using the pattern shown in Figure 6. The specimens were cut to the dimensions specified 
for four-point bend testing in the ASTM Standard Test Method for Flexural Properties of 
Unreinforced and Reinforced Plastics and Electrical Insulating Materials (D 790M). Specimens 
measured approximately 54 mm by 10 mm by 2.5 mm. Each of the four plaques was given a 
letter, from A to D. Each specimen was then given a code, starting with the letter of the 
plaque, then the number of the specimen from that plaque. Specimens were then assigned to 
aging groups, as shown in Table 1. Groups were selected to minimize the effect of any slight 
differences in the four plaques used. 

Specimens were aged in a Blue M oven at 316°C. Specimens aged in air were placed 
on a tray in the oven, while specimens aged in nitrogen were placed inside a nitrogen chamber 
inside the oven. Specimen groups were aged 24 hours, 48 hours, 96 hours, 168 hours, 240 
hours, 336 hours, 465 hours, 633 hours, and 801 hours. One group was not aged. 

Figure 7 gives a simple diagram of the aging oven with nitrogen chamber. Once the 
specimens were placed in the nitrogen chamber, the exhaust valve was closed and the inlet 
valve was opened, to pressurize the nitrogen c ham ber. The inlet valve was then closed and the 
system was checked for leaks by checking if the pressure inside the chamber was maintained. 
After the system was checked for leaks, the inlet and exhaust valves were fully opened. 
Nitrogen was allowed to flow through the system for several minutes to purge the chamber of 
air. After the initial purge, the exhaust valve was closed most of the way, so only a little 
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Figure 6 Specimen cutting pattern 

The top illustration shorn the pattern used for plaque D, while the lower illustration 
shows the pattern used for plaques A,B, and C. 
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Table 1 Specimen Group Assignments 
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hitrogen flowed through the chamber. This was to prevent over-pressurization of the system as 
the temperature of the oven was raised to aging temperature, as well as to preserve nitrogen. 
Traditional procedure used in the lab for this type of experiment was to allow con tin uous flow 
of nitrogen. However, this was considered wasteful for this experiment. Once the oven 
reached temperature, the exhaust was opened and the system was again purged briefly. After 
the second purge, the exhaust valve was closed completely. A positive relative pressure of 69 
kPa (10 psi) was maintained in the nitrogen chamber to ensure that if any minute leaks 
developed, nitrogen would flow out of the leak and air would not flow in. The oven was held 
at high temperature and the nitrogen chamber at pressure until it was time to . remove 
specimens. Then the heat was shut off and the oven cooled down. Once the oven was cool 
enough to open, the nitrogen inlet and exhaust valves were closed and the chamber opened. 
Specimens were then removed, and new specimens were placed in the chamber and in the 
oven. 

Because of the long durations of aging, the many durations being tested, and the limited 
amount of time in which to complete this project, aging groups could not be aged one at a 
time. Also, because of the small size of the nitrogen chamber, only four groups of specimens 
could be aged at once. Only 20 specimens could fit in the chamber at once and the aging 
groups consisted of five specimens. Since the oven and nitrogen chamber had to be cooled, 
opened, and then restarted every time specimens had to be removed or placed in the oven, an 
aging schedule was developed to minimize the number of times the oven had to be shut down. 
This schedule is shown in Figure 8. The numbers labeling the figure refer to aging durations. 
The oven only had to be shut down six times to complete the aging of the ten aging groups. 
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Figure 8 Aging Chart 


Numbers labeling the bars indicate aging duration of specimens in that group. 



1 It should be noted that there was no cracking observed in any of the aged specimens in 
this experiment. In previous experiments performed by Bowles, cracking was observed in 
PMR-15 resin specimens aged at 343 °C after only 362 hours of aging, but not at all in 
specimens aged at 316 °C [9]. 

After aging, dimensional measurements, and bend testing were completed, the 
specimens were further cut into smaller pieces for use in other tests. These pieces are 
illustrated in Figure 9. Long thin specimens approximately 53 mm x 3 mm x 1 mm were cut 
for use in bimaterial strip curvature tests. Specimens approximately 26 mm x 3 mm x 2.5 mm 
were cut for determining layer thickness. Specimens approximately 5 mm x 3 mm x 2.5 mm 
were cut for use in thermo-mechanical analysis. 

Specimens were stored in sealed plastic bags inside a dessicator, and were dried before 
each measurement for at least 30 minutes in a 120°C oven. Specimens used for thermo- 
mechanical analysis were stored in sealed glass vials inside a dessicator and dried for two or 
more hours before testing. 
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A 

Original 4-point bend test specimen 
(with cuts to be made illustrated) 

B 

Spare Material 

C 

Curve Test Specimen 

D 

Extra Curve Test Specimen 

E 

Surface Layer Thickness Specimen 

F-H 

Thermo-mechanical Test Specimens 


Figure 9 Specimen cutting illustration 
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2.3 TESTS 


2.3.1 Nitrogen Aged Specimen Shrinkage 

Shrinkage of nitrogen aged specimens was determined from direct measurements at 

room temperature of the length of the bend test specimens before and after aging. 
Measurements were made using a traveling measuring microscope, which measured to 0.001 
mm. The coordinates of each comer were recorded for both the top and bottom of each 
specimen. This produced four measurements of length for each specimen. The shrinkage 
could then be determined by comparing the length of each specimen before aging to the length 
after. Raw data for the measurement of length is included in Appendix A. 

2.3.2 Bend Tests 

An Instron 4505 load frame with a 4500 controller was used for the bend tests. The 
bend tests conformed to ASTM D 790M, with a few exceptions. Because of difficulties 
obtaining an accurate means of measuring center point deflection, load frame crosshead 
deflection was used instead. The necessary equations were modified to reflect this change. To 
compensate for slack and compliance of the load train, a test with a rigid bar in the fixture was 
performed to dete rmin e the compliance of the system. This was then used to correct the load 
vs. displacement data for the tested specimens. 

Steel four point bend fixtures with ceramic cylinders for loading noses were used. The 
cylinders were attached to the fixtures with silicone RTV. The load span of the fixture was 40 
mm and the support span was 20 mm, giving a load span to support span ratio of 0.5. The 
cylinders had a diameter of 4.75 mm, slightly smaller than the minimum of 6 mm specified in 
D790M. However, this fixture and cylinder combination was otherwise the most appropriate 
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fixture available, so it was used. The loading nose size specification is to prevent excessive 
indentation or failure at the load points. Neither of these problems was witnessed as a result of 
the use of smaller cylinders. 

Specimen width of 10 mm matched the specification of the ASTM D790M, and the 
length of 54 mm was appropriate for the support span of 40 mm. Five specimens per 
condition were tested, as specified. Specimens were kept in sealed plastic bags inside a 
dessicator and were dried before testing in order to properly condition the material. The load 
rate of 1.07 mm/min was as specified. Specimens were not tested to failure. 

r 

Raw results of load vs. displacement were consistently linear, as illustrated by Figure 
10. Bend test data, including slope of load vs. displacement for all tests, as well as width and 
thickness data, is included in Appendix B. 

2.3.3 Thermo-mechanical Analysis 

Thermo-mechanical analysis was used to determine the CTE of nitrogen aged 
specimens. A TA Instruments model 2940 was used to measure the expansion of the small 
specimens as temperature was increased. Tests were performed in static air. Temperature was 
increased at 10°C per minute, with the specimens under a weighted expansion probe. The 
probe was weighted with a 5g weight, applying a force of 0.05 N to the sample. CTE was 
determined from the slope of expansion versus temperature, over the range of temperature 
from room temperature to 316°C. A sample plot, shown in Figure 11, illustrates that between 
room temperature and 316 C, expansion versus temperature is nearly line ar. This was true for 
all specimens tested. A complete set of CTE data is included in Appendix C. 
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2.3.4 Surface Layer Thickness 

Surface layer thickness specimens were mounted in epoxy and the cross section of each 
specimen was polished, to enable viewing of the surface layer with microscopy. 
Photomicrographs were then taken of the specimen cross sections. The thickness of the 
surface layer was then determined from measurements taken from the photomicrographs. This 
method of examination was known to produce measurable results due to the experience of 
Bowles, using similar material and aging conditions[10]. Surface thickness data is shown in 
Appendix D, 

2.3.5 Curvature Tests 

Specimen curvature at room temperature was determined by measuring the location of 
three points on the edge of the curvature specimens, using a travelling measuring microscope 
that measured to 0.001mm. Measurements were taken on both sides of each specimen. 

To make measurements at elevated temperatures, specimens were placed in the oven of 
the Instron 4505 test machine. Measurements of curvature were made using a cathetometer 
that looked through the oven window at the specimens. The cathetometer was manufactured 
by Gaertner Scientific corporation, and was equipped with a Gaertner Gold Tracer digital 
readout. Specimens were placed on small stands in the oven, and measurements were taken of 
the height and span of the arc, as shown in Figure 1. The measurements were made at 
temperatures between room temperature and the aging temperature of 316°C. Oven 
temperature was controlled by the oven’s thermocouple, located near the back of the oven, but 
the temperature used for calculations was measured with a separate thermocouple placed near 
the specimens at the front of the oven. Raw data for both room temperature and elevated 
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temperature curvature measurements is included in appendix E. 
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CHAPTER 3: ANALYSIS 


\ 


3.1 ASSUMPTIONS 

The following analysis rests on a few basic assumptions, which were described in 
section 1.3. First, the surface layer has uniform properties throughout the layer [11]. Second, 
the unoxidized material is also uniform. Third, the nitrogen aged specimens and the 
apparently unoxidized core material in the air aged specimens have the same properties. 
Fourth, the moduli of the surface and interior layers have the same temperature dependence. 
Lastly, it is assumed that viscoelastic relaxation is negligible. 

3.2 NITROGEN AGED SPECIMEN SHRINKAGE 

The shrinkage of a nitrogen-aged specimen, which represents the shrinkage of unoxidized 
aged resin, is simply as follows: 

(i) 

where s se is the shrinkage strain of the unoxidized material, l aged is the aged length, and ^ is 
the unaged length. The second term compensates for the small difference between the aged 
and unaged core material CTEs, cc c { aged ) and a c ^ . AT is the difference between the aging 

temperature and the temperature at which the lengths were measured. 


3.3 BEND TESTS 


Modulus of nitrogen aged specimens, E c , was calculated according to ASTM D 790M: 



0.17Z 3 /tz 

M 3 


( 2 ) 
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Where L is the support span, w is the specimen width, t is the specimen thickness, and m is the 
slope of the tangent to the initial straight-line portion of the load-deflection curve. For the 
specimens tested, the load-deflection curves were very linear. 


Modulus of the oxidized surface layer, E s ,was determined by using composite beam 


theory: 


*■4 


f r3 


--E I 
1 ,96 


( 3 ) 


where L is the support span, m is the slope of the tangent to the initial straight line portion of 
the load deflection curve, and: 


( w -a.X*-a.y 

' 12 

wt* 

I, = — — 7 
' 12 

where t is the total thickness, and t s is the thickness of the surface layer. 


( 4 ) 

( 5 ) 


3.4 THERMO-MECHANICAL ANALYSIS OF NITROGEN SPECIMENS 

CTE of the unoxidized core material was determined from thermo-mechanical analysis of 
nitrogen aged specimens. The TMA testing mac hine determined the slope of dimensional 
change vs. temperature. From there calculating the CTE was simply 
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where a e is the coefficient of thermal expansion and is the slope of the dimension change 
versus temperature. 

3.5 SURFACE LAYER THICKNESS 

Surface layer thickness was determined by optical microscope measurement of prepared 
cross sections. Calculations were only to convert scale. 

3.6 CURVATURE TESTS 

The curvature tests are based on a model of a bimaterial beam, as illustrated in Figure 1 . 
Since the beam is unrestrained, the moment balance is of the form 

M - 0 = jozdz (7) 

where the stress includes a thermal expansion term and a shrinkage term 

a = E(s-aAT-s s ) (8) 

Using Bemoulli-Euler beam theory, the strain term can be expressed as 

£-kz + £ 0 (9) 

where k is the curvature and £ 0 is the strain at the neutral axis. Thus stress can be expressed as 

<7 = E(kz + £ 0 -ccAT-£ t ) (10) 

and the moment is then of the form 

M = ^E(kz + £ 0 -czAT-£ s )zdz (11) 

It would be desirable to transfer coordinates to the neutral axis before integrating. The 

location of the neutral axis, as shown in Figure 12 is 

z* = 


( t ) t ) 

E t +— r +E. ^ t c 

v ±2 

E s t , +E c l c 
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Where t s is the thickness of the surface layer and t c is the thickness of the unoxidized core 
material. Establishing the new coordinate system we have 


Ci -t t +t c -z* 

(z=t c -z* (13) 

Thus the moment balance equation becomes 

M = 0 = + «. -a.AT-s^* ^E,(k( + s, -a.&T-s„)P( (14) 

Where a s and a c are the surface layer and core CTEs respectively, and s a and£ IC are the 
surface layer and core shrinkage strains. 

Curvature k can be determined from measurements as 

, 8 h 

k = — (15) 

s 

Where A is the height of the arc and s is the span. Plotting values of k versus temperature and 
fitting a line to the data produces a graph like Figure 13, where k' is the slope of k versus T 
and k" is the curvature at the cure temperature of 316°C, where AT is zero. Thus k can be 
expressed as 

k-k'LT+k" (16) 

Integrating and simplifying the moment balance equation leads to 

M = 0 = }a£,* + 4i£,i- +\dE,a,YT (17) 

where 


*=c, 3 -c 2 3 

*=c 2 3 -c 3 3 

c=c, 2 -c 2 2 

<*=c 2 2 -c 3 2 


(18) 
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Curvature K (1/mm) 




Figure 13 Sample graph of curvature vs. temperature, showing k’ an d k”. 
Squares represent actual data points, while the line is a least squares best fit to the data. 



knd, as a consequence of the choice of axis, 


cE = -dE 

S c 

For AT=0, which occurs at the cure temperature, we can find 

M = 0 = \aE k’ + \bE k'-±cE e -\dE e 

v 3 3 c 2 s ss 2 n 

Solving for surface layer shr inka ge, 

\aE k” +\bE k* 

S *~ cE . +Sie 


(19) 

( 20 ) 

( 21 ) 


Now for arbitrary AT it is possible to determine the coefficient of thermal expansion of 
the surface layer material. Inserting equation (19) into equation (17) and solving leads to 


\aE s k + \bE c k e s 

a, = - — — — + -Z- + a, 

' cE.AT AT AT e 


( 22 ) 


It is convenient to present shrinkage strain e s as a percent shrinkage P s . This can be calculated 


simply from: 


P 3 = -lOOf, 


(23) 
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CHAPTER 4: RESULTS AND DISCUSSION 


1 

4.1 FORMAT FOR PLOTTING 

Data for each specimen was reduced individually. Results from replicate specimens 
(typically five per condition but occasionally as few as three) were then averaged, and the 
standard deviation were calculated. Symbols in the following plots indicate the mean, and 
error bars represent plus-minus one standard deviation. 

4.2 SURFACE LAYER THICKNESS 

Surface layer thickness is shown in Figure 14. Surface layer thickness increases with 
aging duration, but the rate of growth decreases. The curve very closely resembles similar 
measurements made by Bowles [10]. 

4.3 MODULUS 

The results of the bend tests are shown in Figure 15. The measured value of the 
stiffness for the nitrogen aged specimens remained rather constant regardless of aging duration. 
The calculated value for the stiffness of the oxidized surface layer indicates a significant 
increase in the modulus over that of unoxidized material. However, the modulus of oxidized 
material also re mains rather constant with aging duration. 

4.4 SURFACE LAYER SHRINKAGE 

Shrinkage of nitrogen aged specimens and calculations of the shrinkage of the oxidized 
surface layer are shown in Figure 16. Values for strain were derived using equations (1) and 
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Shrinkage (%) 



Figure 16 Shrinkage vs. aging duration 



’(21), then converted to percent shrinkage for plotting using equation (23). As shown in the 
figure, shrinkage generally increases as aging duration increases. The unoxidized nitrogen aged 
specimen shrinkage appears to approach a limit as aging duration increases.' The oxidized 
surface layer shrinkage is significantly greater than that of the inner unoxidized material. 
Oxidized surface layer shrinkage does not appear to have a similar limiting behavior. 

4.5 COEFFICIENT OF THERMAL EXPANSION 

Thermo-mechanical testing was used to determine GTE of nitrogen aged specimens. 
The CTE of the oxidized surface layer was derived from curve test results as was shown in 
equation (22). A plot of CTE vs. aging duration is shown in Figure 17 for nitrogen aged 
specimens and for the calculated value of the oxidized surface layer. The data indicates that 
the CTE of material aged in nitrogen stays virtually unchanged, perhaps decreasing slightly as 
time increases. The calculated CTE of the oxidized surface layer decreases more markedly, 
and continues to decrease the longer the material is aged. 
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Figure 17 CTE vs. aging duration 

Oxidized surface layer calculation at 168 hour duration based on data from only two samples . 
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CHAPTERS: CONCLUSION 


\ 


The results shown in Chapter 4 are consistent with prior qualitative observations, and 
provide needed quantitative measures. The results show that the core and surface layer material 
are notably different. This difference explains some of the complex observed behavior of 
thenno-oxidatively aged specimens. For example, it was observed that curvature specimens at 
room temperature curved towards the interior material, when it was initially assumed that the 
specimens would curve toward the shrunken surface layer. Curvature specimens at the aging 
temperature curve toward the surface layer. Changes in CTE revealed by this work explain 
this behavior. 

The increased stiffness and shrinkage seen in the surface layer also helps to explain 
surface cracking observed in other investigations in air-aged specimens [3,10]. At elevated 
temperatures the shrinkage of the surface is restrained by the unoxidized core, resulting in 
tensile stresses in the surface layer. These stresses are only enhanced by the material’s 
increased modulus. The low CTE of the surface layer compared to the core produces 
interesting results at lower temperatures. At room temperature, stress in the surface layer is 
compressive. Thus surface cracking is likely to only show up under high temperature service. 
Low temperature excursions, which can cause cracking in epoxy composites [11], and which 
can be used to accelerate damage in some materials [12], will not necessarily produce surface 
cracking in aged resin samples. 

This set of experiments, utilizing a new curved specimen test method, successfully 
allowed determination of the separate material properties of the surface layer and the inner 
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’material of non-uniformly degraded PMR-15 resin. These results are valuable for greater 
qualitative understanding of aged material behavior, including such phenomenon as surface 
crazing. The data can also be used to help complete current models of thermo-oxidative 
degradation. Ultimately, it should prove useful in the design of composite parts subject to high 
temperature aging. 
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APPENDIX A: LENGTH MEASUREMENT DATA 
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APPENDIX B: BEND TEST DATA 


INCLUDING SLOPE OF LOAD VS. DEFLECTION, SPECIMEN WIDTH AND 
SPECIMEN THICKNESS ’ 
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jBS 

i 82.29862242: 

10.01 

2.418 


IC2 

90.89380164: 

10 

2.495 


|C25 

86.658568: 

io| 

2.455 


■ D19 

122.4782645; 

10.02! 

2.741 

336 hour 

;ai5 

92.72768256; 

10! 

2.53 


82.30212344 

10.01 

2.42 

87.270276641 

10 

2.468 

117.4673323; 

10.02 

! 2.717 

118.4732643: 

10.01 

2.718 

95.54781187! 

10 

2.548 

82.91524268! 

10 

2.426 

99.69577632! 

10.02 

2.567 

82.525411331 

10.01| 

2.414 

99.33307633' 

10.01 

i 2.565 


633 hour j 

;A21 ! 97.41162879! 10 

i 2.548 

3 

i 

;B15 i 93.27297312; 10.02; 

2.51 


79.20646941 ! 



,C28 

81.16143489: 

10! 

2.399 

j 

r D3 

105.0304608; 

9.99; 

2.604 

801 hour 

A23 ; 

! 97.0507482 

101 

2.544 


B17 

93.43498332: 

10.011 

2.505 


76.64613766; 


107.9114916: 


110.229171; 
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Air Specimens 


24 hour A5 

B24 

C18 

C3Q 

,012 

48 hour A7 
B1 

C2Q 

ID16 

028 

96 hour :A9 

:A27 
iB3 
iC22 

jpg 

168 hour iA1 1 

■B5 i 

B26 j 

fC24 j 

1020 j 

240 hour |A14 i 

| 

jCI i 

IC26 i 

|D22 ; 

336 hour ;A16 

'B9 ; 

;C3 > 

|D24 | 

i D3i i 

465 hour jA20 i 

IB14 | 

f B27 | 

|C7 ! 

;D2 j 

633 hour jA22 • 

i B1 6 ! 

,C9 I 

[C27 I 

j D4 

801 hour !A24 j 

iB18 ! 

iCII 1 

! :D6 1 

:D14 I 


Slope of Load vs. Surface 

Displacement Layer Specimen Specimen 

(corrected) Thickness Width .Thickness 

92.19817659 

0.03 

10.41 

2.479 

94.38212677 

0.04 

10.41. 

2.482 

80.05415099 

0.03 

10.42 

2.357 

74.25194253 

0.04 

10.43 

2.296 

123.3283907 

0.03 

10.29: 

2.738 

91.55326272 

0.04: 

10.28- 

2.475 

82.97563931 

0.05! 

10.39; 

2.38 

83.62083337: 

0.04 

10.4i 

2.382 

131.7542543 

0.04: 

10.4 

2.782 

133.5659015: 

0.05; 

10.4; 

2.789 

91.2020347 

0.06: 

10.39; 

2.462 

103.0095398: 

0.07! 

1 0-38 i 

2.564 

83.45760342; 

0.06 j 

10.38 i 

2.376 

85.51492351! 

0.06 

1027; 

2.403 

126.0803866! 

0.05! 

10.4 i 

2.739 

91.7254811 

0.08! 

10.38! 

2.448 

83.458876071 

0.08; 

10.37| 

2.372 

91.86228137' 

0.08! 

10.361 

2.451 

87.46610175' 

0.08! 

10.36! 

2.414 

124.4719627! 

0.08| 

10.36 j 

2.701 

94.50187131! 

0.091 

10.33 

1 

J 

2.488 

83.48907086! 

0.09| 

10.35 

i 

2.375 

94.6091587 

0.09! 

10.33: 

2.468 

89.56199497! 

0.09 ; 

10.33! 

2.429 

116.0727916 

0.09: 

1023! 

2.663 

94.34094034' 


10.33! 

2.48 

82.74216087! 

0.11: 

10.33 

1 

1 

2.365 

90.28661692: 

0.11! 

10.33 


2.428 

11 3.0483769 1 

O.llj 

10.35 


2.617 

120.6525891 1 

0.11 j 

10.33 

2.67 

9525677611! 

0.12! 

10.18 


2.471 

92.423899691 

0.13! 

10.3 


2.445 

101.7830931! 

0.12! 

10.32! 

2.512 

83.54577704! 

0.13! 

10.3 

2.36 

102.09746581 

0.131 

10.3 

2.518 

93.71358161! 

0.14! 

1028 

2.442 

89.69462448! 

0.14! 

1028 

2.403 

78.09453784: 

0.14| 

1028 

2296 

76.19394785! 

0.15; 

1028 

2279 

100.9391497. 

0.14! 

10.14 

2.514 


0.151 

1025 

2.415 

88.63716951 ! 

0.15! 

1024 

2.375 

73.87627074! 

0.15) 

1023 

2.235 

102.5563967! 

0.15| 

1023, 


2.508 

101.9435238! 

0.15; ‘ 

1024; 


2.499 
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Thickness (Table Measurements) 


Side 1 


Specimen {Mid R 0,1 L 0.1 


lOveraii [Rounded 


Unaged 1 

A 2 

248 

248 

2479 

2485 

2485 

2484 

2479667 

2484667 

2.482167 

2482 


A25 

2555 

2555 

2556 

2.558 

2.558 

2.558 

2555333 

2558 

2.556667 

2557 


S19 

2511 

251 

2511 

2513 

2513 

2515 

2.510567 

2513667 

2512167 

2512 


.013 

2351 

2351 

2351 

2335 

2339 

2.337 

2351 

2337 

2344 

2344 


D7 

2662. 

2664: 

2664- 

2676 

2687 

2675 

2663333 

2679333 

2671333 

2671 


A1 

2479 

2462 

2482 

2481 

2484 

2482 

2481 

2482333' 

2481 667 - 

2482 


A26 

2557 

2558: 

2559 

2557 

2558 

2559 

2558: 

2558 

2558 

2558 


B20 

2505 : 

2505 

2507 

251 

251 

2512 

2505667 

2510667 

2508167 

2508 


C14 

2301 : 

2303 

2301; 

2287. 

2285. 

2285 

2301667 

2285667 

2293667 

2294 


08 

2679! 

2679: 

2678 

2691: 

269 

2692" 

2.678667 : 

2691 

2684833 

2685 

Unaged 2 

A4 

2482: 

2.485 

2483 

2479 ; 

248 

2483 

2483333; 

2.480667' 

2482 

2482 




2.504 2.502333. 2504667 


2.58 2603667 2579333: 


C15 

2324; 

2.324: 

2325: 

2307: 

2309 

2306 

2324333 1 

2307333 2315833 

2316 

;D9 

2694! 

26941 

2691 1 

2703: 

2704 

2705: 

2693! 

2704 ; 26985 

2699 

■A3 : 

2481: 

2481 i 

2479; 

2482: 

2481 

2482: 

2480333; 

2481667* 2481 

2.481 


2497- 2496! 


2605 2623667! 


2498! 2 


2604; 2613833 




2485! 2487 


2494. 24893331 2493667* 24915; 


2343! 2354333! 2341667! 2348 


2334; 23206671 23343331 23275 ! 



2348: 2364867; 2349 


231 2284: 2308333 


2749 : 2728333; 2747667? 


2485; 24883331 2485333 


2356833 


2296167: 


2738; 


2486833 





2757667! 2771667; 2764667 


2790667| 2799333! 2795 


24743331 2475667: 2475 


2379333! 23803331 2379833 


239; 2373 1 23815 



279i 27876675 2790333! 2789 


2483! 2482 


2571; 2583! 257: 25765 i 


240 


24031 2411- 2404333: 2407667 


282! 28043331 2818667! 28115; 


2461: 2463667! 2460667: 24621671 



:A27 


iB3 


:C22 


jDia 


168 Hours <A12 


I 2.565 2.586 i 2.561667 

! 2565333 

it mi 

2 



2409333! 2395667; 24025! 


2732667! 2745333 


24826671 2484! 2483333; 


2409: 2415687! 2412333! 


2484! 248 


2438667 


24471 2.449333 i 2448167: 


23696671 2375: 2372333 


2449667 ; 2453 2451333 


2420333: 2407333: 2413833; 


2695667 2706 2700833 


22 

m 

za 

22 

30 

22 
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(Thickness 



(Table Measurements} 


— 

- 








Side 1 

| Side 2 

Sidel 

Side2 

Overall 

Rounded 

Specimen 

Mid 

R 0,1 

L 0.1 


R 0.1 

L0.1 

Avg 

Avg 

Avg 

Avg 

240 Hour 


A13 

2483 2.483 

2485 

2486 

2486 

2482 

2483667 

2484667 

2.484167 

2484 



B6 

2.41 a 

2418 

242 

2418 

2416 

2419 

2418667 

2.417667 

2418167 

2418 



C2 

2.502 2.5 

2498 

2488 

249 

2491 

25 

2.489667 

2494833 

2.495 



C25 

2.463 : 2.461 


2462 

2449 

2446 

2448 

2462 

2447667 

2454833 

2455 



019 

2.735 

2734 

2735 

2748 

2748 

2747 

2734667 

: 2747667 

2741167 

2741 



A14 

2487 2485 : 

2487 ; 249 

2488 

249 

2486333; 2489333 

2487833 

2488 



87 


2373 

2373 

2376 ; 

2376 

2376 

■ — llll 





Cl 

2475 

2474 

2475 

2459: 

2462; 

2462 

2474667 

i 2461 

2467833 

2468 



026 

2435! 2433, 

2436 

2421 

2422; 

2424 

Z434667: 2.422333 

24285 

2429 



022 

2656 

2657! 

2656 1 267 

2669i 

267 

2656333 

I 2669667 

2663 

2.663 

336 Hour 


•A15 

•2.529 2.53 

253 

253. 

2531 

253 


253 

253 



BIO 

2422 

j 2419! 

2419 

2421 : 

242 

242 

242: 2420333 

2420167 

2.42 



04 

2475 : 24751 

2474 

2461 

2462' 

2461 

2474667 

: 2461333 

2468 

2468 



021 

2711 

271 

j 

271 

2723! 

2723: 

2723. 

2.710333 , 2.723 

2716667 

2717 



030 

2.717: 2715: 

2715 272 

272: 

2.721. 

2.715667! 2.720333 

2.718 

2718 



A16 i 

2479' 2477 

248 

2479 

248 

2482: 

2478667 

2.480333! 

24795 

248 



B9 : 

2364i 2365 


2365 

2364 

2366: 

2365 

2364667 

2365 

2364833 

2365 



C3 

2435 

2437; 

2435; 242 

2421 

242: 

2435667! 2420333 

2428 

2428 



D24 j 

2612 26131 

261 

2622 

262 2 

26251 

2611667 

2623: 

2817333 

2617 



D31 

267: 2671 : 

2669 

2669- 

2668 

267 

267! 2.669: 

26695 

267 

465 Hour 


Aid j 

2547! 25471 

2546- 2549: 

2548! 

255 > 






B13 j 

2423: 2425! 

2425 

2424: 

2429 i 

24271 

2424333! 2426667! 

242551 



J28_i 

25761 2577j 

2577! 2558; 

25551 

2556 j 

2576667 


25665; 

2567 


£§ L 

24251 2423! 

242 

2406 i 

2405! 

2404! 24226671 2405 

2413833! 



£L_i 

2549 

2549| 

2549 

258i 

2581! 

2581! 

2.549 ! 2.580667, 

2564833! 

2565 


A20 i 

2478 

2478 

L_ 

2477 

2457! 

2456! 

2477! 2477667! 2463333! 

24705! 

2471 


814 J 

2448 

2449! 

2449 

2442 

244* 

244! 

2448667 

2.4406671 

24446671 

2445 


1B27 i 

2522! 2521 

L_ 

252 

2503; 

2502! 

2502! 

2521 \ 2502333! 

25116671 

2512 


i 1 

237 i 2366 

i 

2368 

2352; 

2352! 

2351! 

2366! 2351667! 

2359833i 

236 


102 ! 

2513 

2513 


2513 

2524! 

2522! 

2523! 

25131 2523! 

25181 

wmEm 

633 Hours 

A21 i 

2548 

2548 


2547 

2548, 

2549! 

25461 

Z547667! 2.548333 

25481 

2548 


B15 j 

2508! 2507! 

2506 

2513; 

2.511 : 

2514! 

2507 

2512667! 

2509833: 

251 


Cio i 

239 

2389! 

239 

2377! 

2377! 

2376, 

2389667 

2.376667! 

2383167! 

2383 


028 ; 

2393 

2391 


2391 

2406: 

2405: 

2406! 

2391667! 2405667! 

2398667! 

2399 


: 03 | 



2599 

2609* 

261j 

2811: 

2596! 261! 

2604: 

2604 


;A22 ! 

2446 

24481 

2447 

24371 

2436]_ 

244= 



2442! 

2442 


!Bie i 

2404 

2404 

■ 

ES3 

2401! 

■EEEEfl 

24011 

2.405333 

24! 

2402667! 

2403 


|C9 i 


2308 


2306! 

2285! 

2286! 

2.284 2.307333 

22851 

2296167! 

2296 


!C27 i 

2269 

2268 



2269} 

22891 

2287! 

2289 i 

2268667 

2288333! 

22785! 

2279 


_ 

04 | 

2511 



ESDI 

2516! 

25161 

2517; 

2511667 

25163331 

2.5141 

2514 

801 Hours 

.j. 

2543 

2542 

2544! 

2543j 


2545! 


2544! 

25435! 

2544 


;B17 ; 

2504 

2507 

25051 

2504; 


■E5322 



25045] 

2505 


iCl2 i 

2355 

2357| 

2359! 

2347! 

2346! 

2.34$i 

2357 

2346333! 

2351667! 

2352 


05 \ 

2623 

2622! 

• 2625j 

2636! 

2634; 

. 26371 

2.623333 

2.6356671 

262951 

263 



025 : 

2646 

2645 


2646! 

2664i 

2663, 

2661 i 

2645667 

2662667! 

2654167! 

2654 


;A24 

2422 

2423 


2424! 

2407- 

2407! 

2407! 

2423 

2407! 

2415! 

Z415 



818 ! 

2383 

2382 


23811 

2368- 

23671 

237! 

2382 

2368333; 

23751671 

2.375 


;Cii ; 

2253 

2252! 

22551 

2216 i 

22151 

22171 

2.2533331 

22161 2234867! 

2235 


ids ; 

2509 

2508 


2509! 

2506 i 


251! 


2507! 


■KB 


i0i4 : 

2513! 

2512! 

2513! 

2486T 

2.487! 

2485! 

25126671 

2486! 


2499| 
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Nitrogen Aged 

Specimens 

ICTE (um/mmC) 

: 

Hrs Aged 

Specimen 

(Sample 1 

Sample 2 Sample 3 




Unaged 

A25 

0.05229: 


0.05229 

0.05234 

0.002024 


B19 

0.05453 

0.04991 

0.05222 

1 


|B3 

- 


C13 

0.05294: 

0.04870 

0.05062 



D7 

0.05437: 

0.05397 

0.05417 

; 


A2 

0.05184 

0.05078 0.05410 

0.05224 


24 hours 

A6 

0.05439 

0.05390 

0.05415 

0.05534 

0.001451 


B23 



823 



C17 

0.05511 

0.05485 

0.05498 



C31 

0.05761 : 

0.05725- 

0.05743 



Dll 

0.05378 

0.05581 ; 

0.05480 

i 

1 

48 hours 

A8 

0.05246; 

0.04973 

0.05109 

0.05366 i 

0.002225 


B2 

0.055491 

0.05445: 

0.05497 

i 


C19 

0.055561 

0.05204: 

0.05380 

i 

t i 


013 

I 0.05620: 


0.05620 

1 


D27 

0.05177: 

0.055231 

0.05350 

1 ■ 

96 hours 

A10 


0.05320 i 

0.05169 

0.05278 . 

0.001605 


A28 

1 0.051901 

i 

0.05190 



B4 

1 0.05416: 


0.05416 



C21 

! 0.054 58 i 

0.05264; 

0.05361 : 


168 hours 

A12 

; 0.05391 : 

0.056401 

0.05515 

0.05324! 

0.002237 


B6 

i ! ; * i 


C23 

1 : ; I 


D17 

0.05050} 

0.05441 1 

0.05245! 


B25 

0.05085! 

0.05339; 

0.05212 i i 

240 hours 

A13 

1 i i 


0.05063! 

0.001465 


B8 

0.05018 

I 

0.05045! 

0.05031 

! 



C2 

0.05194 

1 

0.05110: 1 

0.051521 



025 


0.(54763! 

0.04960! 1 



D19 



! 

0.051561 

0.05156! ; 


336 hours 

A15 

0.05304! 

0.053101 

0.05307 

0.05269 

0.002188 


BIO 

0.05448 

i 



0.05592! 

0.055201 



04 

0.05327! 

0.04782: 

0.05054! 



D21 

0.05246 


0,052021 

0.05224 




D30 

0.05389 

: 

0.050931 

0.05241 



465 hours 

A19 j i • j 

0.05120- 

0.001735 


B13 

0.05275! 

0.04760 ! 

0.05017] 



B28 

0.05070 


0.05003! 

0.050371 



C8 

0.05192 


0.05231 i I 

0.052111 

1 

i 


D1 

0.05161 


0.05267! | 

0.05214! 

| 

633 hours 

A21 


! 1 __ 1 

0.050201 

0.000594 


B15 

0.05049 


0.049681 j 

0.05008! 

i 


CIO 

0.05002 


0.051091 i 

0.05055! 

i 


C28 


! ! _ _ I 

1 


D3 

0.04971 

: ' 0.049711 

! 

801 hours 

A23 



0.052451 1 

0.052801 

0.05102] 

0.0018051 


B17 


l ; 

i 



C12 

0.04940 

: ! 

0.049401 

i 


D5 I 

0.05059 

0.050581 ; 

0.05058! 

i 


D25 ! 

1 B i 1 


0.04831 \ i 

0.050481 

! 


























































|Air Aged Specimens 

CTE (um/mmC) 



Sample 1 Sample 2 San 

24 hours 

A5 

0.05514 

0.05623 


B24 

0.05762 



C18 

0.05590 



C30 

0.05346. 



D12 

0.05741 

0.05369 

48 hours 

A7 

0.05487 

0.05227- 


B1 

0.05548- 

0.04783 


C20 

0.05529 

0.0561 0 * 



0.05500. 


D28 

0.05248 

0.05295 

96 hours 

A9 

0.05255 

0.05415 


A27 

0.05539* 



B3 

0.05735: 

0.05747 


C22 



D18 

0.056781 • 

0.05571 = 

168 hours 

All 

0.05733: 

0.05319; 


85 

0.056751 

; 


B26 

0.04994! 

0.05382 i 


C24 

0.04774; 

0.05435: 


D20 i 

0.05418! 

0.05343: 

240 hours 

A14 , 

0.05720: 

0.05384: 


B7 

0.05541 j 

0.05767! 


Cl 

0.05005: 

0.04788 


C26 

0.05260- 

0.05369’ 


D22 ! 

0.05325: 

0.05427' 

336 hours 

QHH 

0.05344 

0.05515 


B9 

0.05987 



C3 i 

0.05462! 

0.05271 


024 

0.05315: 

0.05031 : 


D31 l 

0.05237; 

0.05503! 

465 hours 

A20 i 

0.05447! 

0.05530! 


814 i i i 


B27 j 

0.05470] 

0.05641 1 


C7 ! i i 

I^Hil 


633 hours 

A22 


0.05001 i 


B16 ! 


0.05274 i 


C9 

0.05567! 

! 


C27 ; 

.0.057961 

J 


04 

0.05147 ! 

i 

801 hours 

A24 | i j 


B18 1 

0.05351 ; 

0.05666: 


C11 

0.04908 i 

0,054381 


D6 

0.05769! 

0.05604; 


D14 j 




61 


3 


Specimen Avg. [Group Avg. |std. Pev7 


0.05568 0.05563 0.001646 

0.05762 

0.05590 

0.05346 —1 

0.05555- ” ’ 

0.05357 : 0.05358 0.002574 

0.05166; 

0.05570, 

0.05500: 

0.05271 : 

0.05335 1 0.05440 0.003837 

0.05062: “i 

0.05741 s 


0.05624! 

0.05526 i 0.05341 0.003009 

0.05675 i > 

0.05188! 

0.051041 

0.05381 i 

0.05802! 0.05409 0.003412 

0.05654 i 

0.048971 

0.053151 

0.05376 i 

6.05429 ! 0.05407 0.002651 

0.05987 i 

0.05366 S 

0.05173! 

i 0.05370; 

0.05488! 0.05522 : 0.000868 

i l 

i 0.05555! 

| j ; 


I 0.05001; 0.05296 : 0.003249 

0.05131! i 

i 0.055671 

0.057961 

; 0.05147! ; 


! 0.055091 ; 

0.05173; t 

~ 0.05687] • 

■ 0.051461 ! 
























































APPENDIX D: SURFACE LAYER THICKNESS DATA 
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Layer thicknesses 

From photo 






Air Specimens 

measured (mm) scale 

thickness i 

'ound 

avg. stdev. 

round avg. 

24 hour 

AS 

10: 

300 

0.033333 

0.03 

0.034854: 0.00474 

0.03 


,B24 

1.3 

32. 

0.040625 

0.04 




Cl 8 

1 

32 

0.03125 

0.03 




C30 

1.25: 

32 

0.039063. 

0.04: 




012 

9 

300 

0.03 

0.03 



48 hour 

A7 

13: 

300 

0.043333 

0.04 

0.04475 0.00194 

0.04 


B1 

1.5 

32, 

0.046875 

0.05- 

J ; 



C20 

13: 

300 ; 

0.043333 

0.04! 

: 



D16 

13: 

300 1 

0.043333 

0.04 i 




D28 

1.5: 

32; 

0.046875 

0.05: 



96 hour 

A9 

! 17! 

300' 

0.056667! 

0.06: 

0.059458 ! 0.0062; 

0.06 


A27 

i 2.1: 

32: 

0.065625! 

0.07; 




B3 

1 2 : 

32 ! 

0.0625 

0.06 ; 

i : 



C22 

2i 

32! 

0.06251 

0.06! 

i ! 

\ 1 



;D18 

1.6[ 

32' 

0.05; 

0.05: 

j i 


168 hour 

i A1 1 

1 24| 

300 i 

0.08; 

0.08: 

0.08025 j 0.0005591 

0.08 


'85 

! 24! 

300’ 

0.08! 

0.08; 

! ’ 

t i 



;B26 

! 2.6; 

32 

0.08125! 

0.08 ; 




.C24 

| 24: 

300 

0.08; 

0.08 i 

1 j 



:D20 

24! 

300: 

0.08 ! 

0.08 i 

\ i 


240 hour 

IA14 

! 28; 

300: 

0.0933331 

0.09 i 

0.093417; 0.000186: 

0.09 


B7 

: 28; 

300 : 

0.093333; 

0.091 

! 1 



Cl 

i 281 

3001 

0.093333! 

0.09 i 

i ; 



;C26 

i 31 

32! 

0.09375i 

0.09| 

i 1 



D22 

28| _ 

300! 

0.093333! 

0.091 

\ : 

i : 


336 hour 

A16 

34 j 

300! 

0.113333; 

0.11| 

0.109083! 0.0027351 

0.11 


B9 

! 3.51 

32 

0.109375! 

0.11! 

f f 



!C3 

i 3.5i 

32 j 

0.109375; 

0.1 1; 

i ; 



:D24 

j 32! 

300 i 

0.106667; 

0.11! 

i i 



031 

; 32! 

300‘ 

0.1066671 

0.11! 

i | 



465 hour 

;A20 ' 

37 

-- 

O 

O 

CO 

0.123333! 

0.12| 0.124333; 0.000913 

0.12 


Bi4 ; 

4 

32; 

0.125; 

0.131 




;B27 i 

37 

300! 

0.123333! 

0.12! 




;C7 ! 

4 

32! 

0.125! 

0.131 




D2 

4 

32| 

0.125! 

0.13| . 




633 hour 

|A22 i 

42 

300! 

0.141 

0.14 j 0.141375 

0.003075 

0.14 


:bi6 

42 

300! 

0.14; 

0.14| 




C9 

42 

300! 

0.14] 

0.14! 

i 


;C27 1 

■HKS2 

32; 

0.146875: 

0.15; 




;D4 j 

42 

300! 

0.14! 

0.14[ 



801 hour 

!A24 

44 

300 i 

0.146667! 

0.15; 0.149167 ! 0.001667 

0.15 


|B18 | 

4.8 

32 

0.15; 

0.15; 




iCII 1 


! 

, 

0.15! 




;d 6 j 

4.8 

32: 

0.15, 

0.15; 




014 

4.8 

! 32! 

0.15’ 

o.i5; 
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APPENDIX E: CURVATURE DATA 


INCLUDING ROOM TEMPERATURE MEASUREMENTS AND 
TEMPERATURE MEASUREMENTS 


ELEVATED 



Measurements < 


f room temperature curvature using three points to 


Coordinates of three points on arc 


XI Y1 X2 Y2 X3 Y3 


define arc curvature 



Specimen 


Avg. Curv. 





b 40.611 

0.055 

20.306 

-0.124 18.4627 1360.718 1360.843 

0.000735 

0.000734 

I 41.658: 

-0.178 

20.829: 

-0.248- 26.65827 1364.156 1364.416 

0.000733 


h 39.425- 

0.02: 

19.713' 

-0.119 18.94848 1506.077 1506.196 

0.000664 

0.000654 


0.049- 


0.011 : 


-0.057; 


-0.199 : 


0.045: 


0,073- 


0.025^ 


-0.309 : 


0.04 


-0.515 


•0.347: 


-0.302; 


-0.596! 


-0.566! 


-0.314! 


•0.34! 


-0.479! 


•0.024! 


0.074! 


19.902. 


19.476 


20.121 


21.735 


21.825 


21.799 


21.791 


20.194 


20.098; 


20.27! 


21.53; 


21.599i 


21.463 


21.076; 


21.495! 


19.773! 


20.059! 


22.074! 


22.41 6 1 


21.464; 


-0.103 17.98992 1553.256- 


-0.07 18.76662 2511.985 


-0.111 23.59639 2453.6! 


-0.212 31.34612 2099.435: 


-0.094 19.71705 2044.201! 


-0.093 18.72704 1834.712' 


-0.116 20.73116 1847.605: 


-0.272. 33.47041 1735.168: 


-0.099: 18.38661 1 692.569 j 


-0.317; 59.43461! 3152.23! 


-0.246 ; 47.29347? 3196.861! 


-0.198 : 56.2968! 4963.0131 


-0.3491 84.186941 4517.231 


•0.338! 76.51288! 4113.696! 


•0.215! 50.58871: 3983.087! 


•0.215! 57.12669! 4344.452! 


*0.2781 82.466591 5226.536! 


-0218! 22.716881 1182.559! 


-0.182! 20.52214! 1147.0831 


-0.2411 23.88249! 1171.292! 


1553.36: 


2512.055. 


2453.713 


2099.669: 


2044.296 


1834.808 


1847.722 


1735.491 . 


1692.669 


3152.79: 


3197211; 


4963.332! 


4518.0141 


4114.408 


3983.408! 


4344.828; 


5227.186! 


1182.777- 


1147.267! 


1171.535! 


0.000644 


0.000398 


0.000408 


0.000476 


0.000489 


0.000545: 


0.000541 


0.000576; 


0.000591 


0.000317’ 


0.000313 


0.000201 ; 


0.000221 


0.000243! 


0.000251 


0.0002301 


0.000191 


0.000845 


0.000872! 


0.000854! 



•0.075! 19.652771 


•0.181! 31.429351 


•0.1541 19.98657! 


2546.732 


2475.634 


1293.7281 


2546.808! 


2475.834! 


1293. 


21.637; 

•0.185 

: 23.48617! 

! 1481.477! 1481.6631 0.0006751 

20.803i 

■0.213 

! 25.68076; 

1492.168! 

1492.389! 0.000670! 0.000654 


20.568! 


20.773: 


21.39! 


21.411! 


•0.264 20.10094! 


■0.261! 19.28999; 


-0.258 : 20.479941 


•0.404 ! 26.015781 


710.8257! 711.1099= 


708.4983 i 


811.1111! 


811.205! 


708.7608! 


811.3697! 


811.6221! 


21.893: 


21.945: 


-0.43 i 22.93851! 


-0.312! 19.54209! 


610.34571 


602.5991 ! 


610.7766! 


602.9158! 


0.001637! 


0.001659 = 


20.425 1 


0.000403 


0.000483 


0.000543 


0.000583 


0.000315 



0.000859 


0.000869 


43.016! 0.065 

21.509! -0.172} 19.79909 

1130.961 

1131.135i 0.000884 


44.724! 0.0271 

1 22.3621 -0.155! 21.46624' 

1483.7851 

1483.94; 0.000674! 

0.00068 8 


! 22.47 : 

-0.247' 

26.91187; 

I 1426.027 

I 1426.281 

0.000701 1 

i 21.0131 

•0.3351 

43.0981! 

[ 2044.153 

! 2044.607! 

0.0004891 0.000490 

1 21.275! 

^24f 

33.63898! 

1 2038.865 

2039.1431 

0.0004901 


0.0003931 


0.000404! 


0.000398 


42.738 

| 0.1351 

21.369! -0.073' 

! 16.236051 

i 1625.0461 

1625.127! 0.000615 1 0.000645 


! 41.386 ! 0.059 

1 20.694! -0.107 

! 18.457061 1568.447! 1568.556 ! 0.000638! 

i 41.13i 0.067! 

20.565 -0.099! 

! 17.965371 1595.893! 1595.994 - 0.000627 ’ 0.000630 

42.4531 0.023 

21.227 -0.131 

; 20.37003! 1580.8651 1580.9961 0.0006331 

j 42.216! -0.019 

21.1081 -0.144; 

i 21.853421 1656.235! 1656.379! 0.000604 ! 0.000643 

i 42.227! 0.0761 

■WraWill f w l:f ■ V/ 1 1 1 W U !■ 1 1 I 


0.001406! 


0.001411 


0.001232! 


0.001232! 


0.001409 


0.001232 


42.456! 

0.016 

21.2281 

-0.279 i 20.932191 

784.9308! 785.2098! 

0.001274; 0.001317 

42.455! 

0.073 

21.228! 

-0.27! 19.96381} 

734.96781 735.2389: 

0.001360! 


0.001648 


>! 43.178: 

-0.144! 

21.598! 

-0.377! 

24.13698; 

763.9327! 

764.3139! 

0.001308: 0.001307 

)\ 42.954: 

0.074? 

21.477; 

-0.264! 

20.157241 

766.1039! 

766.3691 

0.001305! 


22.08987 ; 761.174 : 761.4945 s 0.001313 , 0.001309 


U 42.088; 

0 . 12 s; 

21.043} 

•0.226! 18.750671 

766.1097! 

766.3391 ! 

0.0013051 

>! 41.569! 

-0.029: 

20.784 

-0.494; 21.098591 

450.2101' 

450.70421 

0.002219 ! 0.002226 


18.80364 : 447.4419! 447.8369! 0.002233! 


M 41.496: 

0.051 i 

20.748 

-0.4731 

20.21764: 

431.55171 432.0251: 

0.002315- 0.002313 

1: 42.403 

0.0341 

21.202; 

•0.503; 

20.855151 

431.9719! 432.4751; 

0.002312 



44.578 

•0.0191 

22.288! 

•0.535; 

22.49036! 

472.41971 472.95471 

0.002114’ 0.002152 

oi 

45.199 

0.087! 

22.599 

-0.5161 

21.72151 

456.1893! 

456.7061! 

0.002190 1 

0! 

43.287 

0.017 

21.643, 

-0.223: 

21.2462! 

1011.6461 

1011.8691 

0.000988 : 0.001000 

O’ 

43.111 

0.072 

21.556' 

•0.199 

19.90464' 

988.5126] 

988.713 

0.001011 
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^ Measurements of room temperature curvature using three points to define are curvature 


Coordinates of three points on are 


XI Y1 X2 


Y2 


X3 


Y3 


[Calculated center 


Ixo 


Y0 


Radius 


" |rV^ I V I 

3 36 hour A16 ; 0 0i 42.184 . .-0.015 21.092 -0.446 ' 21.2723 507.0395* 507.4856 


I Curvature 


[Specimen ‘ 


iAvg, Curv. 


B9 


0 0 41.945 0.07 20.972 -0.406 20.14062 "498.5082. 498~9149~ 0002004 


0.001970' 0.001987 


0 41.92 2. -0-045 20.961 -0.507 21.44745 453.1553 


453.6626: 0.002204 0.002214 


C3 


42.015 0.144 21.007 -0.419 19.46805 449.2377 : 449.6593 CL00999<1.- 


0_ 0 39.542 


D24 


0 40.67: 


-0-1 i 19 - 82 1 ; -0-252; 16.18056 650.3535: 650.6076 0 001*37: nmioo 


0- 


_j.Q1 20.335. -0.319 20.49686 658.297: 658.616; 0.001518 


0; 0i 40.945 


■ i — . — ^ ~ ^ i ■ wviV iv > v . vU | g I q 

4Lg|i gJ.P 7 ; 20 806: -0-334 19.3702 558.4307; 558.7666: 0.001790: 0.001781 


D31 


0.003 


40.391 : 0.028 


20.472 

20.195: 


*0-37 20.43118: 563.9117! 564.2817: 
-0.264: 19.687081 733.4342! 733.6984; 


0.001772 ! 



:D4 


_0j 01 35.844 

42.256 


17.9221 
0.169! 21.128! 


361.16031 0.002769] 

.^5? 

368.2522! 368.95091 0.002710] 


•0.152! 12,090591 368.9274 369.12541 
-0.4981 19.596681 382.96881 383.4699 


0.002769 

0.002710 


0.002709] 

0.0026081 0.0025981 
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